Introduction
Andrographolides is a type of natural diterpenoid lactone, which is distributed in traditional herbal medicine Andrographis paniculata Nees (Acanthaceae). A n d r o g r a h o l i d e s l i k e a n d r o g r a p h o l i d e a n d neoangrapholide are reported to have anti-inflammatory and anticancer activities in both in vitro and in vivo experimental models of inflammation and cancer (1) . Specially, the antitumor effect of andrographolide has attracted great interest, and there are various reports about the antitumor activity of andrographolide and its potential mechanisms (1) (2) (3) (4) (5) . In previous studies, our lab has also found inhibition of andrographolide on heptoma tumor growth in vitro and in vivo, and demonstrated that the cellular redox environment and c-Jun N-terminal kinase were important for its anticancer activity (6) (7) (8) . Recently, there are various reports about research on andrographolide analogues, some of which demonstrate much greater therapeutic activity for cancer than andrographolide (9) (10) (11) (12) . Those studies suggest that based on the anticancer activity of andrographolide, we can design a series of analogues of andrographolide through structure modification, which will be the best way to find a stronger anticancer drug candidate than andrographolide.
Angiogenesis is the physiological process through which new blood vessels form from pre-existing vessels. Early in 1971, Judah Folkman first pointed out the essential role of angiogenesis in tumor growth (13) . Angiogenesis provides the required nutrients and oxygen for tumor expansion, and it is also helpful for tumor metastasis (14, 15) . Thus, blocking tumor angiogenesis is a promising strategy for cancer therapeutics. Recently, various reports have demonstrated the great potential of natural compounds for inhibiting angiogenesis, like various flavonoids, gambogic acid, ginsenoside Rg1, resveratrol, etc. (16) (17) (18) (19) . Meanwhile, there are reports that andrographolide also inhibits angiogenesis via regulating matrix metalloproteinase (MMP)-2/9 and hypoxia-inducible factor-1α, which contributes to its antitumor activity (20, 21) .
19-N-hexylamino-8-methylandrograpanin (A5, Figure 1A ) is an analogue of andrographolide synthesized in our lab. The whole synthetic route of A5 is shown in Figure 1B . First, we obtained the aglycon of neoandrographolide (NeoAndro) through acid hydrolysis, and then the product was oxidized with pyridinium dichromate (PDC) in the presence of dichloromethane (DCM) to compound A4, after which, A4 was reacted with hexylamine in the presence of sodium triacetoxyborohydride in 1, 2-dichloroethane under an argon atmosphere at room temperature to prepare compound A5. In our preliminary study, we found that A5 has the strongest inhibitory activity on VEGF-induced HUVEC cells proliferation, and it is even better than andrographolide. The present study is designed to observe the anti-angiogenic activity of A5 and its underlying mechanism.
Materials and Methods

Chemical compounds and reagents
19-N-hexylamino-8-methylandrograpanin (A5) and the aglycon of neoandrographolide (NeoAndro) were prepared from neoandrographolide in our lab according to the synthetic route demonstrated in Figure 1B . Andrographolide (Andro) and neoandrographolide (NeoAndro) were isolated from leaves of Andrographis paniculata (The voucher specimen is deposited in the Herbarium of Shanghai University of Traditional Chinese Medicine, Shanghai, China). The chemical structures of those compounds were verified by MS and NMR analysis and are shown in Figure 1 , and the purity of those compounds in our studies was over 98% as determined by HPLC.
Phosphospecific 
Cell culture
HUVECs were isolated from fresh umbilical cord veins by the previously described method (22) . The isolated endothelial cells were cultured in M199 containing 20% FBS (which was heat-inactivated), 30 μg/mL ECGS, 5 U/mL heparin and 100 U/mL penicillin and 100 μg/mL streptomycin in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. Experiments were performed on cell cultures of the third to sixth passages.
Cell viability assay
HUVECs were seeded into 96-well plates at a density of 2 × 10 4 cells, treated with or without VEGF (10 ng/mL) for 48 h after pretreatment with different concentrations of A5, andrographolide, neoandrographolide and its aglycon for 15 min. After treatments, cells were incubated with 500 μg/mL 3-(4, 5-dimethylthiazol-2-yl) 2, 5-diphenyltetrazolium bromide (MTT) for 4 h. The functional mitochondrial succinate dehydrogenases in surviving cells can convert MTT to formazan that generates a blue color. At last the formazan was dissolved in 10% SDS-5% iso-butanol-0.01 M HCl. The plates were read at 570 nm and 630 nm as a reference and cell viability was normalized as a percentage of control. a daily i.p. injection of A5 at different doses (0 mg/kg, 1 mg/kg, 10 mg/kg). The body weight and tumor sizes of all mice were recorded every three days. Tumor sizes were determined by Vernier caliper measurements and calculated as [(length × width 2 )/2]. After 7d, 4 mice from each group were sacrificed and tumors were removed for immunohistochemistry. The other 6 mice of each group were sacrificed 16 days after A5 administration and tumors were removed, weighed and photographed.
Statistical analysis
For all experiments, data were expressed as means ± S.E.M. Statistical comparisons were subjected to an analysis of variance (ANOVA) and LSD-test using SPSS version 18.0, and p < 0.05 was considered as a statistically significant difference.
Results
Effects of A5, andrographolide, neoandrographolide and its aglycon on VEGF-induced cell proliferation
VEGF-induced endothelial cell proliferation is the initial stage of neoangiogenesis. From Figure 2 , we can see that andropholide (Andro), the aglycon of neoandrographolide (aglycon of NeoAndro) and A5 all inhibit VEGF-induced cell proliferation in HUVECs, and that the inhibitory effect of A5 is the best. Figure 3A shows that VEGF induces obvious tube formation, while various concentrations of A5 all inhibit VEGF-induced tube formation. Figure 3A -g shows that
Effects of A5 on VEGF-induced tube formation
Tube formation assay
96-well plates were coated with 30 μL cold matrigel per well and incubated at 37°C for 30 min to promote solidification. HUVECs were incubated with M199 containing 0.1% BSA for 4 h and then treated with the indicated concentrations of A5 for 15 min at 37°C. Then, cells were seeded at a density of 1 × 10 4 cells/well into previously prepared 96-well plates and incubated with or without 10 ng/mL VEGF at 37°C for 4 h. Images were taken using an inverted microscope (Olympus, IX81, Japan), and tubes forming intact networks were counted.
Western-blot analysis
Cells were cultured in six-well microplates, and the growth medium was removed and replaced with M199 containing 1% FBS for 2 h. Cells were incubated with indicated concentrations of A5 and andrographolide for 6 h, and stimulated with or without VEGF (10 ng/ mL) for 5 min. After treatments, cells were lysed with the SDS sample buffer containing 50 mM Tris (pH7.4), 2% SDS (wt/vol), 5% 2-mercaptoethanol and 10% glycerol. Samples were separated by SDS-PAGE and blots were probed with the appropriate combination of primary antibodies and HRP conjugated secondary antibodies. For repeated immunoblotting, membranes were stripped in 62.5 mM Tris (pH 6.7), 20% SDS and 0.1 M 2-mercaptoethanol for 30 min at 50°C.
Matrigel plug assay
Matrigel (0.5 mL/plug) with no VEGF or A5, VEGF (10 ng/mL) but no A5, VEGF (10 ng/mL) and A5 (5 or 25 μM) in liquid form at 4°C, respectively, were subcutaneously injected in the midventral abdominal region of C57BL/6 mice (5-6 weeks old, n = 6 each group). After 7 d, the mice were sacrificed and the matrigel plugs were removed for taking pictures and immunohistochemistry.
Immunohistochemistry
The matrigel plugs of each group were fixed with formalin and embedded into paraffin. 5 μM sections were stained with a specific antibody against CD31. Images were taken using an inverted microscope (Nikon, Eclipse Ci, Japan).
Xenograft tumor mouse model
Athymic nude mice (BALB/c nu/nu, 5 week old males) were purchased from Shanghai Laboratory Animal Center of Chinese Academy of Science, Shanghai, China. Mice were given a s.c. injection of Hep3B cells (1 × 10 6 cells per mouse) into the left front leg. After tumors were established (~30 mm 3 ), the mice were given there is almost no tube formation in 25 μM A5 treated cells. After counting the number of formed tubes, we can see from Figure 3B that A5 can inhibit VEGFinduced tube formation in HUVECs in a concentrationdependent manner (p < 0.001). The inhibitory effect of 25 μM A5 is the best.
Effects of A5 on VEGF-induced matrigel formation in vivo
We further evaluated the inhibitory effect of A5 on VEGF-induced angiogenesis in vivo using the subcutaneously implanted matrigel plug assay. Compared with controls, the matrigel implants appear redder in the VEGF-treated group (Figure 4A ), indicating formation of a functional vasculature inside the matrigel. After co-injection of A5 (5, 25 μM) with VEGF, the color of the matrgel implants gradually flades, and the matrigel implant in 25 μM A5 group has almost no color. CD31 is the biomarker of endothelial cells, as shown in Figure 4B we can see that in VEGF-treated matrigel there are more enlarged and denser blood vessels stained by CD31.
After treatment with A5 (5, 25 μM), the CD31 staining becomes weak, indicating a decreased number of blood vessels. Figure 5 shows that VEGF (10 ng/mL) can obviously induce VEGFR2 phosphorylation, while A5 and andrographolide (Andro, 5 or 25 μM) all inhibit . A5 inhibited VEGF-induced the phosphorylation o f V E G F R 2 , E R K 1 / 2 , a n d p 3 8 k i n a s e . H U V E C s were pretreated with indicated concentrations of A5 and andrographolide (Andro) for 6 h before exposure to VEGF (10 ng/mL) for 5 min. The expression of phosphorylated VEGFR2, ERK1/2, p38, the total VEGFR2, ERK1/2 and p38, and the loading control actin were detected by immunoblotting using specific antibodies. The Western blot figure represents one of at least three independent experiments with similar results. such phosphorylation, and that the inhibitory effect of A5 (25 μM) is the best. ERK1/2 and p38 are the important mitogen-activated protein kinases (MAPKs) downstream of VEGFR2. Figure 5 shows that A5 and andrographolide (Andro, 5 or 25 μM) also inhibit VEGF-induced ERK1/2 and p38 phosphorylation.
Effects of A5 on VEGF-induced VEGFR2, ERK1/2, p38 phosphorylation
Effects of A5 on tumor growth in vivo
From Figures 6A-6C , we can see that A5 (1, 10 mg/ kg) decreases tumor size and tumor weight (p < 0.01, p < 0.001). Further, Figure 6D shows that A5 has not much effect on the body weight of mice, while the chemotherapeutic agent 5-FU obviously decreases mouse body weight (p < 0.01, p < 0.001). Figure 6E of CD31 staining shows that there is decreased CD31 staining in tumors in A5 (1, 10 mg/kg) treated groups.
Discussion
Andrographolide is a prescribed drug used for clearing away heat and toxic material, and is generally used to prevent and treat the common cold, influenza, viral infections or allergies. In recent years, the potential therapeutic effect of andrographolide on tumors has attracted the world-wide attention of scientific researchers. However, the poor water solubility enormously limits the bioavailability of andrographolide. Thus, there are various reports about the study of analogues of andrographolide, and their object is to find a compound with better solubility and activity than andrographolide (9-12, 23,24) .
Previous studies in our lab have focused on the antitumor effect of andrographolide (6) (7) (8) . Meanwhile, we designed a series of analogues of andrographolide, and in our preliminary study we found that compound A5, which is semi-synthesized from neoandrographolide t h r o u g h t h e r o u t e d e s c r i b e d i n F i g u r e 1 B , demonstrated the best inhibitory effect on VEGFinduced HUVECs proliferation (Data not shown). The present study showed that the inhibitory effect of A5 on VEGF-induced cell proliferation was better than andrographolide (Andro), neoandrographolide (Neoandro) and its anglycon. Furthermore, A5 inhibited VEGF-induced tube formation in HUVECs in a concentration-dependent manner. The in vivo matrigel plug assay and the xenograft tumor mouse experiment further proved the anti-angiogenic and anti-cancer The contribution of angiogenesis in tumor expansion and metastasis is widely recognized, and the importance of anti-angiogenic drugs in cancer therapy has become more and more obvious in the past years (25, 26) . VEGF is one of the key angiogenic factors that stimulate angiogenesis, and VEGF exerts its function through binding to two high-affinity receptors, R1 (FLT-1/Flt-1) and R2 (KDR/Flk-1) (27, 28) . There is evidence that has proved the important roles of VEGFR2 in transducing the angiogenic effect of VEGF, and the tyrosine phosphorylation of VEGFR2 is detected upon VEGF stimulation (28, 29) . Our results found that A5 and andrographolide both inhibited VEGF-induced VEGFR2 phosphorylation, which will block the signal transduction cascade stimulated by VEGF. The results suggest that the potential target of A5-induced antiangiogenesis is the VEGF signaling pathway.
MAPKs regulate diverse processes including cell proliferation, differentiation, apoptosis etc. (30) . ERK1/2 and p38 are two important MAPKs, which are downstream signals of VEGFR2, and exert critical roles in regulating VEGF-induced cell proliferation and migration in the process of angiogenesis (31, 32) . Meanwhile, there are already reports about the blockage of the VEGF-VEGFR2-MAPKs signaling pathway by some compounds like isoflavone metabolite 6-methoxyequol, ellagic acid, norcantharidin, barbigerone etc. (32) (33) (34) (35) . Our results also showed that VEGF-induced phosphorylation of p38 and ERK1/2 were both inhibited by A5 and andrographolide.
Taken together, the present study shows that A5, which is a novel semi-synthetic analogue of andrographolide, inhibits VEGF-induced neoangiogenesis in vitro and in vivo, and blocks VEGF-induced activation of VEGFR2 and down-stream ERK1/2 and p38 kinase. Our research indicates the great potential of the development of A5 into an anti-angiogenic agent for a therapeutic antitumor treatment application.
